Objective: To characterize the hemispheric processing of metaphors in bilinguals compared with monolinguals and to determine the role of language proficiency in hemispheric lateralization. Method: Fifty-seven English-dominant Spanish-English bilinguals and 57 English speaking monolinguals participated in a divided visual field study. The two groups performed a semantic judgment task with metaphorical, literal, and unrelated word pairs presented either to the right visual field/left hemisphere or to the left visual field/right hemisphere. Results: Bilinguals processed metaphors more slowly and less accurately than monolinguals in both visual field presentations but there was no difference between the groups in the symmetry of processing-both groups showed a left hemisphere advantage. In bilinguals, the efficiency of processing within the left, but not the right, hemisphere was predicted by language dominance scores (i.e., English minus Spanish picture naming scores). Additionally, in all participants, the left hemisphere was more sensitive than the right hemisphere to metaphor familiarity; the latter in turn was sensitive to metaphor familiarity only in balanced bilinguals (not in unbalanced bilinguals and monolinguals). Conclusion: These results suggest that even though bilinguals are less efficient, they rely on the same underlying cognitive mechanisms as monolinguals in linguistic processing of metaphors. Moreover, whereas the right hemisphere is coarsely affected by language proficiency, the left hemisphere, and metaphor processing therein, is more sensitive to small variations in linguistic experience.
Metaphors are common and important for everyday communication (Bowdle & Gentner, 2005; Howard, Michael, & Marilyn, 1990) . They are central, not only in language, but also in thought and action. For example, the metaphor argument is a war is reflected in a variety of every day expressions-we bring indefensible claims, we attack weak points, we shoot down and demolish the speaker's claims until we win the argument. These examples, brought by Lakoff and Johnson (2008) , demonstrate that metaphors affect the way people think (we need to win the argument) and act (plan a strategy to defeat the partner), and that metaphors are culture-specific. Imagine a different culture, in which arguments are viewed as a dance and the participants as dancers. This will probably lead to different behaviors and different thinking (Lakoff & Johnson, 2008) . Now imagine a native English speaker, who encounters the expression "we had a balanced argument" in a foreign language. This will probably be very confusing even if he understands all the words, because arguments in his culture are wars and wars cannot be balanced. This example highlights the importance of metaphors in everyday life but also the strong connection between culture and metaphor understanding (Kecskes, 2001 (Kecskes, , 2006 . The question is, however, can language learners master metaphor understanding, in spite of the cultural differences? Is it enough to be a highly proficient language user? To answer these questions, we first need to understand how native language users learn and process metaphors.
According to the traditional standard pragmatic view, metaphors are not interpreted directly and the figurative meaning is considered only after the literal meaning fails to make sense (Chomsky, 1980; Grice, 1975) . On the other hand, noncompositional models assume that figurative expressions are identified like lexical enti-ties stored in memory. In other words, people often understand the figurative interpretations of metaphors, without having to analyze and reject their literal meanings first (Gibbs, 1980 (Gibbs, , 2002 . Giora's influential graded salience hypothesis (GSH; Giora, 1997 Giora, , 2002 Giora, , 2003 Giora & Fein, 1999) suggested that meaning salience, rather than the literal or metaphoric status of an utterance, determines the way it is processed. Specifically, salient meanings (familiar, frequent, supported by prior context) are processed before nonsalient ones and lexicalized meanings are processed before nonlexicalized ones. Therefore, a very familiar (lexicalized) metaphor (e.g., broken heart) can be processed as figurative, because the figurative meaning is more salient than the literal one, while an unfamiliar metaphor will probably be first processed as literal (e.g., camel's nose).
Because familiarity changes across individuals as a function of language proficiency and linguistic/cultural experience, the same metaphor can be processed as metaphorical by proficient language users who are familiar with it and as literal by less proficient language users. Following the same logic, bilinguals, who are often less proficient than monolinguals, even in their dominant language (Kroll & Gollan, 2014; Gollan et al., 2011) might show more literal processing of figurative language than monolinguals. This hypothesis was supported by a few idiom processing studies. For example, Abel (2003) asked German-English bilinguals (native German speakers) to decide whether a list of English idioms are decomposable or nondecomposable and compared their ratings to those of native English speakers and found that non-native speakers tend to rely on literal meanings to figure out the idiomatic meanings. In an eye tracking study, Cieślicka, Heredia, and Olivares (2014) examined the way English-dominant and Spanishdominant bilinguals read idiomatic expressions in English embedded within sentences. They found that the figurative meanings of idioms were more accessible (read faster) to English-dominant bilinguals than to Spanish-dominant bilinguals. Moreover, Spanishdominant bilinguals had to reread figurative idioms more often than literal idioms whereas English-dominant bilinguals did not, suggesting that less proficient language users interpret figurative language more literally than proficient language users. However, language proficiency can change over time and so can linguistic processing. Matlock and Heredia (2002) suggested that as language learners become more proficient, they can process figurative expressions in the same manner as native monolingual speakers.
Several studies, however, suggested otherwise, finding differences in processing of figurative language even when comparing monolinguals to highly proficient bilinguals while controlling for familiarity of the linguistic stimuli. For example, in a cross-modal lexical priming experiment Cieślicka (2006) presented spoken sentences that could be interpreted as literal or figurative ('Peter was planning to tie the knot later that month') together with visually presented words that were related to either the figurative (MARRY) or the literal (ROPE) meanings of the sentences. Fortythree Polish-English bilinguals who were fluent English speakers participated and produced more priming effects for words related to the literal, than to the metaphorical, idiom meanings. Cieślicka suggested that understanding idioms in a nondominant language entails an obligatory computation of the literal meanings even if they are embedded in a figurative context, and even if their figurative interpretation is well-known (note, however, that monolinguals were not tested, so stimuli dependent effects cannot be ruled out in this case).
These studies suggested that bilinguals sometimes process familiar idioms as monolinguals process nonfamiliar idioms, namely by processing the literal meaning first. The question is does that also apply to metaphor processing?
1 One way to address this question is to examine the hemispheric processing of metaphors, since familiar (conventional) metaphors were processed differently from nonfamiliar (novel) metaphors by the left versus the right hemispheres in monolinguals. Several studies have suggested that familiar metaphors are lexicalized, and therefore are processed more efficiently in the left hemisphere (LH; Segal, Shalev, & Mashal, 2017) , which focuses on a single dominant interpretation (fine semantic coding) and closely related semantic associations (Beeman, 1998; Jung-Beeman, 2005) . In contrast, novel and unfamiliar metaphors are processed more efficiently in the right hemisphere (RH), which loosely activates and maintains large semantic fields of distant associates (coarse semantic coding). These different patterns of hemispheric processing for different types of metaphors were demonstrated in behavioral studies of divided visual field effects , as well as in imaging studies (Mashal, Faust, Hendler, & JungBeeman, 2007) . Schmidt, DeBuse, and Seger (2007) examined the hemispheric processing of familiar and less familiar metaphorical and literal sentences and found that familiarity, rather than figurativeness, determined hemispheric processing. Specifically, the LH was more efficient in processing (literal and metaphorical) familiar expressions, whereas the RH was more efficient in processing unfamiliar expressions. Giora, Zaidel, Soroker, Batori, and Kasher (2000) described this familiarity effect in terms of linguistic saliency-the RH will be more activated in processing nonsalient meanings and more complex semantic information (as required in processing unfamiliar/novel metaphors), whereas the LH will be mainly engaged in processing salient and lexicalized meanings, such as literal phrases or familiar and conventional metaphors.
If the RH is more efficient than the LH in processing nonfamiliar and less salient expressions, and metaphors are less familiar (so their metaphorical meaning is less salient) to bilinguals than to monolinguals, one might expect the RH to be more active in bilinguals than in monolinguals during metaphor processing. In other words, bilinguals might process familiar metaphors more efficiently in their RH, just as monolinguals process nonfamiliar metaphors in their RH. This will also correspond with the stage hypothesis (Galloway & Krashen, 1980; Krashen & Galloway, 1978; Obler, Albert, & Gordon, 1975) , which predicts greater RH involvement in non-proficient bilinguals than in proficient bilinguals, because of more reliance on discourse and pragmatic cues (mediated by the RH). However, a shift to a LH dominance is predicted when proficiency increases and allows more automatic linguistic processing (see Hull & Vaid, 2007 for further discussion). Mashal, Borodkin, Maliniak, and Faust (2015) tested this assumption in a divided visual field paradigm with English-Hebrew and Hebrew-English bilinguals and found a RH advantage for metaphor processing in the English dominant bilinguals but only when tested in their nondominant language (Hebrew). Both groups showed a LH advantage when tested in their dominant language. The authors suggest that in the nondominant language, conventional metaphor processing continues to rely on the coarse coding of the RH, much like the processing of novel metaphors in the dominant language. This RH advantage for nondominant language processing was also supported by imaging studies. For example, Ding et al. (2003) examined the brain activation underlying language processing (orthographic and semantic tasks) in six Chinese-English bilinguals and found that English words (second language) were associated with more RH activation than Chinese characters (native language). Interestingly, this neural advantage was attenuated with L2 training (Hosoda, Tanaka, Nariai, Honda, & Hanakawa, 2013; Leonard et al., 2010) .
These findings suggest that the RH advantage depends on proficiency, as suggested by the Stage of Language Acquisition hypothesis (Galloway & Krashen, 1980; Krashen & Galloway, 1978; Obler et al., 1975) . However, it does not correspond with previous reports of LH processing for all of a bilinguals' languages. For example, Vingerhoets et al. (2003) examined the neural activation during processing of the second and third languages in multilingual speakers (native Dutch speakers who learned French at primary and English at secondary schools). In this study, participants performed different production and comprehension tasks in three languages and exhibited overlapping patterns of LH activation for all languages. The degree of LH activation was increased for the non-native languages compared with the native language, possibly resulting from lesser proficiency in those languages (see also Briellmann et al., 2004 for the effect of language proficiency and Perani et al. (2003) for the effect of language use, on LH processing and see Hull & Vaid, 2007 for further discussion). Note however that these studies examined linguistic functions known to be processed primarily in the LH (in right-handed monolinguals), whereas the hemispheric processing of metaphors depends on metaphor familiarity.
The current study examined hemispheric processing of familiar metaphors in Spanish-English bilinguals compared with monolingual English speakers with the goal of determining how language proficiency and linguistic experience influence processing symmetry. Because language-dominance, that is, the relative proficiency and use of two languages, was suggested to best reflect individual differences in linguistic processing among bilinguals (TreffersDaller & Silva-Corvalán, 2015) , we examined its possible impact on hemispheric processing. 2 We had two hypotheses: If SpanishEnglish bilinguals process familiar metaphors as monolinguals process novel metaphors, we expected bilinguals to exhibit more symmetrical processing of familiar metaphors (or even a RH advantage) than monolinguals. However, if bilinguals process familiar metaphors the same way as monolinguals do but this is more effortful for them, we expected bilinguals to show a LH advantage for metaphor processing that is similar in magnitude (or even greater than) the LH advantage exhibited by monolinguals. In both cases, we expected whatever difference found between bilinguals and monolinguals, to be larger and more pronounced in bilinguals with lower levels of English proficiency (when compared with bilinguals who have higher levels English proficiency).
Method Participants
One hundred fifty-six participants who were undergraduates at the University of California San Diego (UCSD) participated in the study for course credit. Ten of them (eight monolingual English speakers and two Spanish-English bilinguals) could not be classified as right-handers (scored below 0.5 in the Edinburgh handedness assessment) and were not included in the main analyses (but see footnote 5 for a summary of their performance). From the remaining participants (71 right-handed monolinguals and 75 right-handed Spanish-English bilinguals), 32 were excluded for one of the following reasons: (a) they were not able to fixate during the Divided Visual Field (DVF) experiment (i.e., 6 monolinguals and 9 bilinguals moved their eyes more than 15% of trials in a block); (b) they were Spanish-dominant bilinguals (i.e., they had higher picture naming scores in Spanish than in English on the Multilingual Naming Test; Gollan, Weissberger, Runnqvist, Montoya, & Cera, 2012, n ϭ 6); (c) they were recruited as monolinguals but either reported knowing a second language at a "more than functional level" or reported using English less than 95% of the time (n ϭ 5) or (d) because of technical issues (n ϭ 6). The final subject pool included 114 participants; 57 bilinguals and 57 monolinguals. Their self-reported language proficiency and linguistic background are shown in Table 1 .
Procedure and Materials
Participants completed one session of approximately 1.5 hr of testing after signing an informed consent in accordance with the policies of the UCSD Institutional Review Board (IRB). The first 4 tasks in each session were administered in the same order: The divided visual field/metaphor processing experiment, which was the main task of this study, was administered first (to avoid any possible influence of fatigue on RTs; Welford, 1968 Welford, , 1980 , followed by handedness assessment (using the computerized version of the Edinburgh Inventory, Oldfield, 1971 ; http://zhanglab.wikidot .com/handedness) and a questionnaire we designed to assess participants' offline knowledge of the metaphors they saw presented in the main task. The forth task was the picture naming test, the MINT (Multilingual Naming Test; Gollan et al., 2012) , in English. Subsequently, we administered four additional assessments of English proficiency level including the Shipley vocabulary test (Shipley, 1940) , the Author Recognition Test (Acheson, Wells, & MacDonald, 2008) , the American National Adult Reading test, and the Reading Fluency subtest from the Woodcock-Johnson (Wood-2 Note that as Treffers-Daller and Silva-Corvalán (2015) pointed out, dominance is a multi-dimensional measure that can change across domains (grammar, vocabulary, etc.) or skills (reading, writing, listening, and speaking). In this study, we operationalized dominance as the difference between picture naming scores in each language. We assume that this difference will be correlated with between-language differences in comprehension and production of connected speech. However, different results could be found if dominance were measured more extensively. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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cock, McGrew, & Mather, 2001 . These English proficiency tests were administered in counterbalanced order (rotated with a Latin square design), followed by a language history questionnaire. Finally, and for bilinguals only, the picture-naming test (i.e., the MINT) was administered in Spanish. The computerized tasks were presented using PsychoPy v1.83 (Peirce, 2009 ) on a Macintosh computer with a 20-in. color monitor. Hemispheric processing of word pairs. The stimuli consisted of 160 English word pairs in three pair types of: 40 literal (cream cheese), 40 metaphorical (iron fist), and 80 unrelated (computer head) word pairs. The unrelated word pairs were used as fillers in the semantic judgment task, and were not analyzed (but see Tables 2 and 4 for means and SDs). The word pairs were chosen from a larger pool of 220 word pairs that were rated for familiarity (1 -not familiar, 5 -highly familiar) by 25 highly proficient English speakers (11 bilinguals and 14 monolinguals) who were otherwise not included in the study, reported English as their most proficient language, and whose average self-reported English proficiency level was 9.86 Ϯ 0.45 on a scale of 1 (almost not at all) to 10 (like a native speaker).
The mean familiarity rating of word pairs included in the experiment was 4.77 (SD ϭ 0.27) for the metaphorical word pairs, 4.93 (SD ϭ 0.16) for the literal word pairs, and 1.31 (SD ϭ 0.24) for the unrelated word pairs. Even though both the metaphorical and the literal word pairs were very familiar (above 4.7 on a scale of 1-5), the literal word pairs were rated as significantly more familiar than the metaphorical ones, t(39) ϭ Ϫ3.16, p ϭ .003. The first word of each word pair was 3-8 letters long and the second word was 3-12 letters long. Importantly, there were no statistically significant differences between the mean length of the first word in the metaphorical (M ϭ 5.20, SD ϭ 1.30), literal (M ϭ 5.35, SD ϭ 1.29), and unrelated (M ϭ 5.00, SD ϭ 1.74) word pairs, all ps Ͼ .65. Similarly, the mean length of the second word in metaphorical (M ϭ 4.95, SD ϭ 1.48), literal (M ϭ 5.23, SD ϭ 1.49), and unrelated (M ϭ 5.45, SD ϭ 1.69) word pairs was equated, all ps Ͼ .70. Pairs were divided into two lists-one presented to the left visual field/right hemisphere (LVF/RH) and the other to the right visual field/left hemisphere (RVF/LH). The presentation of lists to left versus right visual fields was counterbalanced between participants so that half of the participants saw half of the word pairs of each type in the LVF/RH and the other half saw the same word pairs in the RVF/LH. Thus, all participants saw all 160 word pairs presented to either left or right visual field.
Stimuli presentation. Presentation of the stimuli was the same as in Mashal et al. (2015) . Participants were instructed to look at the fixation cross at the center of the screen and when it was replaced by the first word, to read it silently. Then, when the second word appeared, on the right or at the left side of the screen, the participants were asked to indicate as quickly and accurately as possible (while maintaining the central fixation), whether the word This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
pair was meaningful by pressing the 'N' key or meaningless by pressing the 'B' key with their right index finger. As shown in Figure 1 , each trial began with a central fixation cue (2500 ms), followed by a written word which appeared in the center of the screen for 300 ms. Next, the central fixation reappeared for 100 ms (Stimulus Onset Asynchrony, SOA, of 400 ms) and then the target word appeared 2.8°to its right or to its left and remained there for additional 180 ms. The fixation remained on the screen during the second word presentation, to ensure full fixation and remained there for additional 2,500 ms when response was allowed. Each session began with 8 practice trials.
Subjective and Objective Language Proficiency Measures
Language history questionnaire. Participants completed a computer administered language history questionnaire in which they estimated their daily use of English (and Spanish for bilinguals) currently and when growing up, rated their English (and Spanish) proficiencies on a scale of 1 (not at all) to 10 (like a native speaker) and provided some more information regarding their linguistic and personal characteristics (e.g., years of caregivers' education, languages spoken at home).
Multilingual Naming Test (MINT; Gollan et al., 2012). The MINT consists of 68 black-and-white line drawings, administered in order of progressing difficulty. This test was designed to assess picture-naming ability in four languages (English, Spanish, Mandarin, Hebrew), and provided an objective measure of English and Spanish language proficiency and language dominance. The majority of Spanish-English bilinguals at UCSD (including the bilinguals tested in this study) have Spanish as their first language, but are dominant in English because of extensive immersion and schooling in English; thus, to create a relatively homogenous group, only English dominant bilinguals who named more pictures correctly in English than in Spanish on the MINT were included (as explained above).
Shipley-Hartford Vocabulary Test. The Shipley Test measures receptive vocabulary and is part of the Shipley Institute of Living Scale (Shipley, 1940) . It has 40 written target words, presented in generally ascending order of difficulty, and the participants were asked to choose the closest synonym to the target word from four presented options (Shipley reported a split-half reliability for this test as .87).
Author Recognition Test (ART). The ART was developed by Acheson et al. (2008) , based on the original Author Recognition Test (Stanovich & West, 1989) and it includes 65 real authors (who are on average moderately familiar to college students) and 65 foil names (nonauthors). The participants were instructed to mark the names they knew to be real authors and not to guess, because a penalty would be given for all incorrect answers. Each participant's score was the total number of correct authors marked minus the number of foils marked, so the highest possible score was 65. Acheson et al. (2008) found a clear relationship between print exposure (as measured by the Author Recognition Test) and both reading-related achievements and verbal abilities in college students.
Woodcock-Johnson Reading Fluency Subtest. This test is part of the Woodcock-Johnson test of Achievement (Woodcock et al., 2001 (Woodcock et al., /2007 . In this subtest, the participants were given a list of 98 simple statements (e.g., A bird can fly) and were asked to read as many statements as possible in a time limit of (no more than) 3 min, and to decide whether each statement is true or false. Reading times were calculated by dividing the reading time (180) by the number of statements answered correctly. Higher scores reflect slower reading.
American National Adult Reading Test (ANART; Grober, Sliwinsk, & Korey, 1991). The ANART consists of 50 written words with irregular spelling and the participants were asked to pronounce each word. The total raw score is the percent of correct pronunciations. In this study we used raw scores for group comparisons and for data analysis.
Metaphor questionnaire. Each participant was presented with an online questionnaire which asked them to choose out of 4 options, the most accurate meaning of 40 metaphors (and 10 literal word pairs) from the divided visual field experiment. For example: for the metaphor "late bloomer," the correct answer would be: "A person who is physically developing slowly" and the three incorrect answers would be "A person who is shorter than people his age," "A person who is always late" and "A plant that is late to flower." The participants were not given any time limit so their responses reflect metaphor understanding rather than rapid identification ability (as was required in the semantic judgment task in the divided visual field study). Three metaphors (belly up, red tape and musical chairs) were excluded from analyses of reaction time (RT) and error data in the hemispheric processing task because of low recognition rate in the untimed questionnaire. Monolinguals correctly identified these excluded metaphors only 50% of the time (or less), and bilinguals only 30% of the time (or less); thus, these metaphors could not be classified as familiar metaphors. The mean percentage of metaphor recognition (without the excluded metaphors) was 96% (SD ϭ 7%) for literal word pairs and 92% (SD ϭ 7%) for metaphoric expressions.
Results

Hemispheric Processing of Bilinguals and Monolinguals
Bilinguals obtained significantly lower scores than monolinguals in all English proficiency tests (see Table 1 ). They This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
showed smaller receptive (Shipley) and expressive (English MINT) vocabularies, slower (Woodcock Reading Fluency subtest) and less accurate (ANART) reading abilities and they recognized fewer American authors and fewer metaphors than monolinguals. Table 2 shows the mean reaction times (RTs) and percentage of errors broken down by participant group and condition. Figure 2 highlights the results for metaphorical pairs showing RTs on the left panel, and error rates on the right panel. In the analysis of RTs, errors (14% of trials), "no response" (less than1% of trials), and responses faster than 300 ms trials (less than1% of trials) were excluded. Responses longer than 2500 ms were coded as "no response."
To consider how hemispheric processing might be modulated by the pair type and by bilingualism, we conducted two ANOVAs with either participants (F1) or items (F2) as factors. Because these analyses produced identical patterns of results, we report only the subject (F1) analyses in detail. The subject analyses included two separate ANOVAs, one for RTs and another for error rates with word-pair type (metaphoric vs. literal) and hemisphere (RH vs. LH) as within-subjects variables, and group (monolinguals and bilinguals) as a between-subjects variable. The unrelated word pairs were not analyzed since they served as fillers and were not the focus of this study.
In the analysis of RTs, we found a main effect of word type, responses for metaphorical word pairs were longer (M ϭ 779, SE ϭ 13) than for literal word pairs (M ϭ 754, SE ϭ 13), F(1, 112) ϭ 18.41, MSE ϭ 3651, 2 ϭ .14, p Ͻ .001, a main effect of hemisphere, word pairs were recognized more quickly when presented to the RVF/LH (M ϭ 735, SE ϭ 13) than when presented to the LVF/RH (M ϭ 797, SE ϭ 14) , F(1, 112) 3 The same pattern emerged in the analysis of error rates. There were more errors in metaphor processing (M ϭ 18.0, SE ϭ 0.9) than in literal word pair processing (M ϭ 12.6, SE ϭ 0.7), F(1, 112) ϭ 39.12, MSE ϭ 87.41, 2 ϭ .26, p Ͻ .001, more errors in the LVF/RH (M ϭ 20.9, SE ϭ 1.0) than the RVF/LH (M ϭ 9.7, SE ϭ 0.6), F(1, 112) ϭ 132.18, MSE ϭ 107.47, 2 ϭ .54, p Ͻ .001, and bilinguals made more errors (M ϭ 18.1, SE ϭ 1.0) than monolinguals (M ϭ 12.5, SE ϭ 0.9), F(1, 112) ϭ 17.70, MSE ϭ 197.43, 2 ϭ .14, p Ͻ .001. Here again, there were no significant interactions between any of these variables (all Fs Ͻ 2.3, all ps Ͼ .13). Critically, there were also no significant interactions neither in RTs nor in error rates when comparing bilinguals to monolinguals separately on either metaphorical or literal word pairs (all Fs Ͻ 1.1, all ps Ͼ .31).
Thus, although bilinguals were slower and less accurate than monolinguals in processing literal and metaphorical word pairs in both RVF/LH and LVF/RH presentation, groups did not differ in the relative effect of word type on the symmetry of hemispheric processing. Both groups processed literal word pairs faster and more accurately than metaphors, and both showed an equally strong LH preference for word pair processing, regardless of the pair type.
4,5
Hemispheric Processing Within the Bilingual Group
To consider the effect of language dominance on hemispheric processing, we calculated the degree of English-dominance for all the bilinguals by subtracting Spanish naming scores from English naming scores (i.e., English MINT score minus Spanish MINT score). Bilinguals whose difference scores were smaller than 14 (the median score) were then classified as relatively balanced bilinguals, whereas those with difference scores larger than 14 were classified as unbalanced bilinguals. We then compared balanced to unbalanced bilinguals with ANOVAs using the same structure as described above, but with bilingual type as the between subjects factor (instead of bilinguals vs. monolinguals). Table 3 presents the means and standard deviations of selfreported language history and performance on English proficiency tests in balanced and unbalanced bilinguals, and Table 4 shows the mean RTs and percentage of errors for balanced versus unbalanced bilinguals. Figure 3 highlights the results for metaphor pairs showing RTs in the panel on the left, and error rates in the panel on the right. Though the balanced bilinguals showed better Spanish proficiency than unbalanced bilinguals (according to both self-report and MINT scores), and reported using English less often (both currently and when growing up), none of the standardized English proficiency tests or the self-report measures appeared to reflect these differences. The balanced and the unbalanced bilinguals did not differ significantly in mean receptive and expressive English vocabularies, reading abilities, or understanding of English metaphors. However, as illustrated in Figure 3 , they showed a different pattern with respect to hemispheric specialization in metaphor processing.
An ANOVA, with hemisphere (right vs. left) and pair type (metaphorical vs. literal) as within-subject variables, and group (unbalanced vs. balanced bilinguals) as a between-subject variable with RTs as the measure, showed that responses to metaphoric word pairs were longer (M ϭ 843, SE ϭ 18) than to literal word pairs (M ϭ 812, SE ϭ 18), F(1, 55) ϭ 10.93, MSE ϭ 4883, 2 ϭ 0.17, p ϭ .002, and word pairs were recognized more quickly when presented to the RVF/LH (M ϭ 797, SE ϭ 17) than when presented to the LVF/RH (M ϭ 858, SE ϭ 20), F(1, 55) ϭ 28.91, MSE ϭ 7371, 2 ϭ .35, p Ͻ .001. Of great interest, there was a significant interaction between group and hemisphere: the difference between RVF/LH and LVF/RH was more pronounced in the unbalanced group (86ms) than in the balanced group (36ms), F(1, 3 One monolingual participant had an average RT for metaphor processing that was more than 3 SDs slower than the monolingual group's mean. However, excluding him from the analysis did not change the results significantly, thus we report analyses including this participant. 4 Note that the difference between groups in symmetry of processing (difference between RH and LH in RT and error rates) was also not significant when adjusting the difference scores for baseline RT [(RT RH -RT LH ) / RT LH ] and baseline error rates [(error rates RH -error rates LH ) / error rates LH ] for each group separately.
5 Interestingly, the LH advantage for metaphor processing also appeared to be present in 10 left-handed participants (8 monolinguals and 2 bilinguals), who were excluded from the current study, in both RTs (LH: M ϭ 787, SE ϭ 45, RH: M ϭ 836 SE ϭ 33) and error rates (LH: M ϭ 15%, SE ϭ 6%, RH: M ϭ 17% SE ϭ 3%). This document is copyrighted by the American Psychological Association or one of its allied publishers.
55) ϭ 4.93, MSE ϭ 7371, 2 ϭ .08, p ϭ .031. 6 When focusing on metaphors, unbalanced bilinguals processed metaphors faster than balanced bilinguals in the LH (M ϭ 778, SE ϭ 27 vs. M ϭ 846, SE ϭ 26, respectively), but not in the RH (M ϭ 875, SE ϭ 29 vs. M ϭ 873, SE ϭ 29, respectively), an interaction between hemisphere and group (F(1, 55) ϭ 6.39, MSE ϭ 5365, 2 ϭ .10, p ϭ .014; see left panel of Figure 3 ). In literal word pair processing on the other hand, there was no difference between the groups in either left (M ϭ 759, SE ϭ 25, in unbalanced vs. M ϭ 806, SE ϭ 25 in balanced bilinguals) or right (M ϭ 835, SE ϭ 31, in unbalanced vs. M ϭ 850, SE ϭ 31 in balanced bilinguals) hemisphere (F(1, 55) ϭ 1.03, MSE ϭ 6882, 2 ϭ .02, p ϭ .314). In similar analyses of error rates instead on RTs there were no significant interactions (all Fs Ͻ2.5, ps Ͼ .12).
Following recent recommendations to jointly consider RTs and errors in examination of individual differences (Draheim, Hicks, & Engle, 2016) , we further explored the contribution of each hemisphere for efficiency of metaphor processing by calculating Z scores for RTs (upper left panel of Figure 4 ) and error rates (upper right panel of Figure 4 ) and summing them to a single efficiency score (i.e., Z efficiency score; bottom panel of Figure 4 ; see Chignell et al., 2015) .
While groups did not differ in RH processing, t(55) ϭ Ϫ.14, p ϭ .886, the difference between the efficiency Z scores in the LH was significant, t(55) ϭ 2.486, p ϭ .016, d ϭ .66. 7 In other words, unbalanced bilinguals exhibited more efficient LH processing of metaphors than balanced bilinguals.
Because bilingualism is not a categorical variable (Dunn & Tree, 2009; Luk & Bialystok, 2013; Treffers-Daller & SilvaCorvalán, 2015) , and our division of the bilinguals into balanced and unbalanced groups was somewhat arbitrary (according to the dominance median score in our sample), we asked whether dominance scores as a continuous variable would correlate with efficiency of LH processing. To this end, we conducted exploratory correlations between z score measures, proficiency measures, and self-reported language history characteristics (see Table 5 ).
As illustrated in Figure 5 , the overall efficiency of LH processing (the sum of RT and error Z scores measure) robustly correlated with the picture-naming derived language dominance scores, r ϭ Ϫ.38, p ϭ .004 -larger dominance scores were associated with more efficient processing of metaphors in the LH. Of note, though not quite as robustly, efficiency of processing in the LH was also significantly correlated with English MINT, r ϭ Ϫ.26, p ϭ .047, Spanish MINT scores, r ϭ .30, p ϭ .024, the Author Recognition Test scores, r ϭ Ϫ.32, p ϭ .016, and the ANART score, r ϭ Ϫ.29, p ϭ .030. To further evaluate the combined effects of English and Spanish MINT scores in predicting LH processing, we conducted a stepwise regression analysis with English and Spanish MINT scores as the predicting variables and LH sum of z scores as the dependent variable. This analysis showed that Spanish (␤ ϭ .30, p ϭ .015) and English (␤ ϭ Ϫ.28, p ϭ .029) MINT scores together predicted 17% of the LH processing variance F(2, 54) ϭ 5.43, p ϭ .007, R 2 ϭ .17. English and Spanish MINT scores were selected as predictor variables since they were both related to the sum of Z scores and were not significantly correlated with each other. When Author Recognition Test scores were also entered into the regression analysis as a predicting variable, English MINT scores were no longer a significant predictor, but Spanish MINT scores remained robust, and turned out to be the strongest predictor of processing efficiency in the LH (␤ ϭ Ϫ.41, p ϭ .001).
By contrast, when the same exploratory analyses were conducted with the RH efficiency scores, the correlation with dominance score was not significant, r ϭ Ϫ.08, p ϭ .580, with English MINT only marginally significant, r ϭ Ϫ.23, p ϭ .086, and also not significant with Spanish MINT, r ϭ Ϫ.01, p ϭ .968. However, the RH efficiency score did correlate with Reading Fluency, r ϭ .28, p ϭ .036, reading accuracy (ANART; r ϭ .35, p ϭ .008) and with Author Recognition Test scores, r ϭ Ϫ.41, p ϭ .001. In a stepwise regression analysis with these three dependent variables, only the Author Recognition Test scores predicted efficiency of RH processing (␤ ϭ Ϫ.42, F(1, 54) ϭ 11.27, p ϭ .001, R 2 ϭ .17). Note that the dominance score also correlated with the percentage of English use currently, r ϭ .28, p ϭ .037 and English use when growing up, r ϭ .38, p ϭ .003 in the expected direction (more English use was associated with greater English over Span- 6 The same pattern emerged in the between item (F2) analysis. Critically, the interaction between hemisphere and group in the RT analysis (F2) was also significant; F (2, 234) ϭ 5.54, 2 ϭ .05, p Ͻ .01. 7 Averaging RT z scores and error rate z scores (instead of summing them) did not change the pattern of results. This document is copyrighted by the American Psychological Association or one of its allied publishers.
ish dominance) and the objective measures of English proficiency were also intercorrelated. For example, better picture naming scores (English MINT) were positively correlated with larger receptive vocabulary scores (Shipley; r ϭ .52, p Ͻ .001), with more print exposure (Author Recognition Test; r ϭ .51, p Ͻ .001) and with faster (Reading Fluency; r ϭ Ϫ.41, p ϭ .002) and more accurate (ANART; r ϭ .61, p Ͻ .001) reading. However, selfreported English use did not explain efficiency of processing metaphors in the LH. Finally, to explore in greater depth how hemispheric specialization is affected by metaphor familiarity, we conducted item analyses in which we correlated metaphor familiarity ratings with RTs and error rates in each hemisphere, for each group separately (see Figures 6a and 6b for RTs and error rates in RVF/LH and Figures 6c and 6d for RTs and error rates in LVF/RH). In balanced bilinguals, metaphor familiarity correlated significantly with nearly every measure; including with RTs in the LH, r ϭ Ϫ.37, p ϭ .025, error rates in the LH, r ϭ Ϫ.59, p Ͻ .001, and with error rates in the RH, r ϭ Ϫ.39, p ϭ .016, but not with RTs in the RH, r ϭ Ϫ.07, p ϭ .675. In unbalanced bilinguals, metaphor familiarity was significantly correlated with error rates in the LH, r ϭ Ϫ.44, p ϭ .006, was marginally correlated with RTs in the LH, r ϭ Ϫ.30, p ϭ .073, and also marginally correlated with error rates in the RH, r ϭ Ϫ.30, p ϭ .067. By contrast, even though there were twice as many monolinguals as either balanced or unbalanced bilinguals, metaphor familiarity was only marginally correlated with the error rates in the LH, r ϭ Ϫ.30, p ϭ .073, and none of the other correlations were significant (all rs Ͻ .14, ps Ͼ .41).
Discussion
The results of the current study demonstrated that the LH specializes in familiar metaphor processing in bilinguals and in monolinguals and is also highly sensitive to subtle individual differences in language proficiency. Additionally, the effects of metaphor familiarity on hemispheric specialization appear to vary as a function of relative English proficiency (which in turn may reflect differences in degree of English use).
According to the Fine-Coarse Semantic Coding Theory (Beeman, 1998; Jung-Beeman, 2005) , the LH strongly encodes familiar and lexicalized meanings. The metaphors in our study were all relatively familiar and the participants were all highly proficient English speakers (i.e., native English speaking monolinguals and English-dominant bilinguals). Thus, it is not surprising that bilinguals as well as monolinguals showed a LH advantage for familiar metaphor processing. These results support previous reports of a LH advantage in monolinguals Segal et al., 2017 ) and in bilinguals when tested in their dominant (Faust, Ben-Artzi, & Vardi, 2012; Mashal et al., 2015) and nondominant languages (Briellmann et al., 2004; Hull & Vaid, 2007; Vingerhoets et al., 2003) . In other words, although bilinguals scored lower than monolinguals in all English proficiency tests, and they This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
recognized fewer metaphors, they still appeared to access metaphors in the LH automatically via a search for "stored lexical units" (activated in the LH) rather than by looking for distant semantic associations (activated in the RH). These findings contradict Mashal et al.'s (2015) assumption that bilinguals process familiar metaphors the same way monolingual process unfamiliar metaphors. A likely critical difference between studies was that the RH advantage in Mashal et al.'s study was found when bilinguals were tested in their nondominant language (Hebrew), which they were first exposed to after the age of 6, whereas the LH advantage in our study was found when bilinguals were tested in the dominant language (English), first exposed to at the mean age of 4. Another possibility could be that the metaphors in the former study were relatively less familiar than those in our study (a betweenlanguage comparison that would be difficult to measure, since familiarity was rated on different scales -1-7 in Mashal's study and 1-5 in current study). It might seem that the LH advantage in the current study could also be driven by left-to-right script direction in English. However, previous reports of a LH advantage in many different languages (for a review see Siéroff & HaehnelBenoliel, 2015) including languages with right-to-left scripts, such as Hebrew (Ibrahim, Israeli, & Eviatar, 2010; , make this possibility unlikely to be correct. We also found that processing efficiency within the LH varied as a function of language dominance (i.e., English vs. Spanish MINT scores, which in turn are correlated with more comprehen- This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
sive measures of spoken language proficiency; Gollan et al., 2012) . In fact, unbalanced bilinguals, who differed significantly from balanced bilinguals in Spanish but not in English naming scores, showed more efficient LH processing of metaphors. Several studies suggested that the relative proficiency and the degree of use of each language are key dimensions in the bilingual experience (Luk & Bialystok, 2013; Treffers-Daller & Silva-Corvalán, 2015) . Consistent with this view, the dominance score (English MINT minus Spanish MINT) was our best predictor of LH processing efficiency (which was also significantly correlated with degree of English use; see Table 5 ). Bilinguals who were more English-dominant exhibited processing more analogous to monolinguals-that is, more efficient processing of metaphors in the LH than more balanced bilinguals. It is not clear, however, whether it is English proficiency, Spanish proficiency, or more specifically relative proficiency of each of these (and degree to which English vs. Spanish are used) that underlies these performance differences between balanced and unbalanced bilinguals. Because the metaphors were presented only in English, perhaps the most likely possible explanation is that English proficiency was critical. Although balanced and unbalanced bilinguals did not differ in our standardized objective measures of English receptive and productive vocabularies, Reading Fluency, and Author Recognition Test scores, exploratory analyses revealed variation in English MINT scores to be significantly correlated with efficiency of processing in the LH: better English naming scores were associated with more efficient LH processing (lower sum of Z scores). These results are consistent with other studies that also showed that language proficiency modulates the degree of neural activation within the LH (Briellmann et al., 2004; Chee, Hon, Lee, & Soon, 2001; Perani et al., 1998; Vingerhoets et al., This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
2003). For example, Chee et al. (2001) examined the neural activation of English-Mandarin (English-dominant) and MandarinEnglish (Mandarin-dominant) bilinguals while performing a semantic judgment task. They found that participants with lower proficiency, compared with higher proficiency, responded more slowly, and exhibited greater BOLD signal change in the left prefrontal and left parietal areas, and that these two measures were related to cognitive load as well as task specific processing requirements. They attributed these effects to greater cognitive effort needed to process words in a less familiar language. Thus, it is possible that unbalanced bilinguals in our study, who used English more often, did in fact have higher levels of English proficiency than the balanced bilinguals-but these differences, which were too subtle to be reflected in the English proficiency measures we administered, were only revealed with brief unilateral presentation of metaphors (in the time-pressured semantic judgment task). An alternative possibility is that the correlations we observed between dominance scores and efficiency of processing in the LH were driven by Spanish proficiency. Balanced bilinguals had higher levels of Spanish proficiency (Spanish MINT scores) than unbalanced bilinguals, and higher Spanish MINT scores were correlated with less efficient LH processing. However, although the relation between English proficiency and processing English metaphors makes sense, the correlation between Spanish profi- This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
ciency and the efficiency of LH processing is much less intuitive. Why would higher knowledge of Spanish be related to more effortful processing of English metaphors in the LH? One possibility is that parallel activation of two lexicons introduces crosslanguage interference to some degree even in tasks that overtly activate just one language (Dijkstra & Van Heuven, 2002; Green, 1998; Kroll, Bobb, & Wodniecka, 2006; Marian & Spivey, 2003) . The Spanish lexicon will be more activated in proficient Spanish speakers and will require more effortful inhibition. That in turn will lead to higher cognitive load and to more effortful processing within the LH (Chee et al., 2001 ). Another possibility is that Spanish proficiency actually reflects English use-people who use Spanish more often have higher proficiency in Spanish but also use English less often. In other words, objectively measured Spanish proficiency might provide a better (even if somewhat indirect) measure of English use, which in turn drives the correlation between Spanish proficiency and LH processing. Consistent with this view, Spanish MINT scores were significantly correlated with English use-higher Spanish MINT scores were associated with lower percentage of self-reported English use currently and when growing up (note that English and Spanish MINT scores were not negatively correlated, but this could reflect an additional factor, that partially offsets degree of English use, which is a tendency for individuals who have strong productive vocabularies to be so inclined in all the languages they speak). Interestingly, the efficiency of metaphor processing within the LH was best explained by the combination of both Spanish and English naming abilities (according to the regression analysis) and by print exposure (i.e., Author Recognition Test score). However, although print exposure affected both hemispheres, only the LH was affected by Spanish and English naming abilities. The robust bilateral effect of print exposure on metaphor processing demonstrates the strong relationship between reading experience, reading abilities and metaphor processing (in both hemispheres).
Item familiarity effects and differences between bilinguals and monolinguals, and balanced and unbalanced bilinguals, also revealed robust effects of language use on metaphor processing efficiency. According to the frequency-lag hypothesis (Gollan et al., 2011) , bilinguals are sometimes disadvantaged (exhibiting slower retrieval) compared with monolinguals, because they use each language less often than monolinguals. Consistent with this view, the difference between bilinguals and monolinguals is significantly more pronounced when processing low-frequency words, where small differences in frequency of use can have sizable effects (Duyck, Vanderelst, Desmet, & Hartsuiker, 2008; Gollan, Montoya, Cera, & Sandoval, 2008; Gollan et al., 2011) . In the present study, monolinguals, or the most proficient English speakers we tested, exhibited no familiarity effects; with the exception of RTs in the LH (which exhibited just a marginal trend in this direction), likely because of ceiling effects (i.e., for them, all the metaphors were highly familiar). By contrast, balanced bilinguals, who reported lowest levels of English use, exhibited the most consistent and robust familiarity effects-they recognized less familiar metaphors more slowly and less accurately than familiar metaphors, particularly in the left, but also in the right, hemispheres. The unbalanced bilinguals were in the middle of the other two groups, exhibiting weaker and less consistent familiarity effects than balanced bilinguals, but stronger and more consistent effects than monolinguals. These exploratory analyses provide further support for the conclusion that the LH is more sensitive than the RH to increased language use and metaphor familiarity.
Although the LH was found to be more sensitive than the RH to subtle variations in relative English proficiency, it does not mean that the RH is not affected by proficiency. In fact, comparing monolinguals to bilinguals yielded bilateral differences in both hemispheres. However, because bilinguals differed from monolinguals in numerous variables, including English proficiency, metaphor recognition, Spanish proficiency, and reading abilities, and these are all related, it is difficult to determine their individual effects on left and right hemispheric specialization. For example, The RH difference might have been driven by lower metaphor recognition (processing unfamiliar metaphors is more likely to involve the RH-and would be longer and less accurate than familiar metaphors regardless of presentation side) or by reading differences. Hence, although both hemispheres can be affected by proficiency level, the RH is probably more sensitive to coarse differences in language proficiency (e.g., differences between monolinguals and bilinguals), whereas the LH is sensitive to subtle differences in English proficiency (e.g., differences between balanced and unbalanced bilinguals). Importantly, these proficiency differences are not categorical but rather continuous and can change over time as proficiency increases or decreases with changes in the degree to which each language is used.
To summarize, although the bilinguals in our study were less efficient than monolinguals in metaphor processing (as well as in all other language proficiency tests); they showed the same pattern of hemispheric processing-a LH advantage. Thus, bilinguals and monolinguals alike process familiar metaphors automatically by searching for "stored lexical units" within the LH. However, the efficiency of metaphor processing within the LH was most strongly related to the combination of English and Spanish proficiencies (dominance score); within the bilinguals, processing efficiency in the LH was continuously more efficient in those with higher levels of English relative to Spanish proficiency. These findings demonstrate the effect of linguistic behavior and language use on neural specialization and highlight the sensitivity of the LH to small differences in proficiency level that might not be observable with behavioral measures alone. Finally, individual items also exhibited different patterns of left versus RH specialization as would be expected based on theories that postulate gradual transfer from right to LH with increasing levels of familiarity and expertise. Together these results reveal the superiority of gradient rather than categorical measures for capturing both the dynamic nature of hemispheric specialization and processing differences between individuals with different types of items and at different proficiency levels.
